Phenotypic variance should have a hierarchical structure because differences arise between species, between individuals within species, and, for labile phenotypes, also within individuals across circumstances. Within-individual variance could exist because of responses to variable environments (plasticity) or because exhibiting variance per se has fitness consequences. To evolve, the latter requires between-individual variance in within-individual variance. Here, we investigate the parental behavior of female red-winged blackbirds (Agelaius phoeniceus) and assess if the distribution of within-individual variance also differs between individuals or changes with respect to environmental conditions. We used a statistical approach that models both the mean and variance iteratively. We found that the amount of food delivered per second on each visit was influenced by female identity, nestling age, and the location (on vs. off territory) where the female foraged. Moreover, we also found that unexplained withinindividual variance (residual variance), after controlling for mean effects, independently declined with nestling age and was smaller when females foraged off their mate's territory. In addition, females differed in residual variance more than expected by chance. These results confirm that phenotypic variance has a hierarchical structure and they support preconditions for the evolution of mean phenotypic values as well as the variance in phenotype. In the case of provisioning as a form of parental care, our data suggest that female red-winged blackbirds could be managing stochastic variance either directly through choice of foraging location or indirectly in how they budget their time, and we discuss these patterns in relation to adaptive variance sensitivity.
Phenotypic variance should have a hierarchical structure because differences arise between species, between individuals within species, and, for labile phenotypes, also within individuals across circumstances. Within-individual variance could exist because of responses to variable environments (plasticity) or because exhibiting variance per se has fitness consequences. To evolve, the latter requires between-individual variance in within-individual variance. Here, we investigate the parental behavior of female red-winged blackbirds (Agelaius phoeniceus) and assess if the distribution of within-individual variance also differs between individuals or changes with respect to environmental conditions. We used a statistical approach that models both the mean and variance iteratively. We found that the amount of food delivered per second on each visit was influenced by female identity, nestling age, and the location (on vs. off territory) where the female foraged. Moreover, we also found that unexplained withinindividual variance (residual variance), after controlling for mean effects, independently declined with nestling age and was smaller when females foraged off their mate's territory. In addition, females differed in residual variance more than expected by chance. These results confirm that phenotypic variance has a hierarchical structure and they support preconditions for the evolution of mean phenotypic values as well as the variance in phenotype. In the case of provisioning as a form of parental care, our data suggest that female red-winged blackbirds could be managing stochastic variance either directly through choice of foraging location or indirectly in how they budget their time, and we discuss these patterns in relation to adaptive variance sensitivity. Key words: Bayesian statistics, provisioning behavior, residual variance, variance sensitivity. [Behav Ecol] IntroDuctIon V ariance is a central concept for an evolutionary explanation of life. A major yet sometimes unappreciated characteristic of phenotypes in biological systems is that phenotypic variance appears structured. For example, variation exists among species as well as among individuals within each species. This structure is vitally important-the most successful hypothesis explaining differences between species, Darwin's idea of natural selection, requires among-individual variance to operate (Fisher 1930) , enabling evolution of among-species variance.
Many phenotypic attributes also vary within individuals, and if this variation is in response to an environmental gradient, it is a common form of phenotypic plasticity (Gomulkiewicz and Kirkpatrick 1992; Scheiner 1993) . Plasticity also affects variance at other levels. For example, plasticity within individuals may affect among-individual variation if differences exist between subjects in the environment in which they are measured (Dingemanse et al. 2010) . In addition, the within-individual effect of environment (plasticity) can differ between individuals (or genotypes; e.g., individual × environment or gene × environment interactions; Gomulkiewicz and Kirkpatrick 1992; Nussey et al. 2007 ). This variation in plasticity among genotypes is necessary for differences in plasticity between populations to evolve (Via et al. 1995; Pigliucci 2001; Ghalambor et al. 2010) . Each of these 3 levels of phenotypic variance (among species, among individuals, and within individuals) is thus integrated by fundamentally important biological processes, and nearly all current work on phenotypic variation occurs at one or more of them.
A fourth level of phenotypic variation may exist and could have important biological effects. Typically, not all withinindividual variation in a labile phenotype can be explained. Some environmental effects will behave as stochastic factors because the organism cannot easily predict them. Because stochasticity may vary across an array of other variables, residual phenotypic variation might not be homogenous (e.g., Cleasby and Nakagawa 2011; Stamps et al. 2012) . For example, consider a parent bird bringing food to dependent offspring. Each visit to the nest involves a trip out to forage, which ends with the return of some amount of food. What is brought back and when depends on unpredictable elements of the habitat in which the parent foraged (Ydenberg 1994 (Ydenberg , 2008 combined with attributes of the particular individual doing the foraging. Encounter rates with prey of different types are likely to be probabilistic with variation in those probabilities occurring across space and time. This suggests that a major source of variation in parental behavior may depend on variable aspects of environment that also vary in magnitude according to the prey type or foraging patch used at that moment. Thus a major component of unexplained within-individual variation (residual variation) could represent stochastic variation that differs between individuals and across environmental gradients.
Differences in stochastic variance in parental behavior could be adaptive (Ydenberg 1994 (Ydenberg , 2008 . This idea extends a model, developed for solitary foragers by Stephens and Charnov (1982) , which predicted that foragers should be sensitive to stochastic variance when the variation has asymmetric effects on fitness. For example, when a forager is adequately meeting its requirement for survival and reproduction, then it should avoid any shortfalls due to potential bad luck by choosing foraging sites with low stochastic variance even if that lowers the forager's mean return. Conversely, if a forager is not able to meet its requirement, then it should seek out more variable options, possibly ones with lower average returns, because the only way to survive is to have a run of good luck. This hypothesis has been given several names, including the shortfallavoidance hypothesis (Stephens 1981) , risk sensitivity (Caraco et al. 1980) , and perhaps most accurately, variance sensitivity (Smallwood 1996) . The idea can be extended to parental care, in which foragers are providing resources to dependent young, because any energetic shortfall applies not only to the foraging parent but also to the energetic requirements of the offspring being provisioned (Ydenberg 1994 (Ydenberg , 2008 .
The potential influence of stochasticity has not been well incorporated into evolutionary theory about parental care despite the fact that parental care is a key component of life history and is likely to experience conflicting selection pressures. On the one hand, parents experience a myriad of challenges in producing healthy viable offspring, and as a result they are expected to evolve ways of meeting those challenges (Clutton-Brock 1991) . On the other hand, solutions to those challenges are likely to interfere with the parent's ability to produce additional offspring (Williams 1966; Trivers 1972; Kvarnemo 2010) . Considerable research effort has been devoted to how variation within and between species might be explained by ecological factors affecting either the costs of care or its benefits (Clutton-Brock 1991; Kvarnemo 2010) . The majority of these studies do not distinguish between changes in behavior within individuals as opposed to differences in behavior between individuals. Several studies have attempted to measure among-individual variation in parental behavior (e.g., Freeman-Gallant and Rothstein 1999; MacColl and Hatchwell 2003; Schwagmeyer and Mock 2003; Gray et al. 2005; Nakagawa et al. 2007 ), but within-individual variance due to plasticity has often been ignored. How individuals might vary in stochastic components of residual variance has rarely been addressed. Whittingham and Robertson (1993) collected data on female red-winged blackbirds (Agelaius phoeniceus) provisioning broods that were either supplemented or deprived to affect the demand on their parent. They found that the variance in food delivered per unit of time depended in part on where the parent foraged (near the nest or off the marsh) and where they foraged was sensitive to the needs of the offspring (see also Ydenberg 2008 for a reanalysis of these data by Moore 2002) . Similarly, Moore (2002) manipulated the brood size of common terns (Sterna hirundo) and found that individuals with increased demand switched foraging sites to bring larger but more variable prey items.
The variance sensitivity hypothesis proposes that the stochastic variance in phenotype exhibited by individuals is adaptive. For this to evolve, differences between individuals in stochastic variance must exist, and thus we might expect residual phenotypic variance to differ among environments. Neither of these preconditions has been assessed by researchers, in part, because the statistical tools to investigate differences in withinindividual variances have been limited. For example, betweenindividual differences in mean behavior and its plasticity are typically assessed using linear mixed models or LMMs (e.g., Brommer et al. 2003; Nussey et al. 2007; Kontiainen et al. 2009; Wright et al. 2010; Westneat et al. 2011) . LMMs take advantage of the hierarchical structure of variance to investigate mean effects on the dependent variable, but they generally assume homogeneous residual variance. Corrections to account for heterogeneous residual variance (e.g., Cleasby and Nakagawa 2011) solve any issues with appropriately calculating P values to test for mean effects, but do not allow one to specifically model and test for influences on the residual variance itself.
Here, we analyze data on the provisioning behavior of female red-winged blackbirds with the goal of documenting patterns of heterogeneous residual variance. We allow both delivery (food brought per unit of time per trip) and its standard deviation (SD) to vary through the use of a 2-part statistical model (Smyth 1989; Smyth and Verbyla 1999; Lee and Nelder 2006; Rönnegård et al. 2010) . We predicted that female red-winged blackbirds would exhibit heterogeneous within-individual variance and that both individual identity and aspects of the local environment where individuals foraged would contribute to patterns of unexplained within-individual variance.
MethoDS

Data collection
Observations were taken of provisioning behavior of red-winged blackbirds nesting at Cornell University's Experimental Pond Unit 1 (42°30•18″N, 76°27•53″W) in 1989. These data were part of a larger study described in Westneat (1995 Westneat ( , 2001 ; only in 1989 were load sizes recorded consistently. Although males sometimes feed nestlings in this population (Westneat 1995) , here we focus on the behavior of females. Briefly, nests of banded females were observed from a blind for 60 min, generally when nestlings were 1, 3, 5, and 7 posthatching (day 0) although a few nests were observed at other nestling ages. Observations were started on the observer's arrival at the nest site and arbitrarily with respect to the behavior of the adults. For each trip to the nest, the time the female arrived at the nest was recorded, the load size in bill volume units was estimated (we assumed the small variation in bill size relative to load size among females had no effect on load size estimates), the number of items carried was counted, and a description of the item(s) was noted. When the female left the nest and what direction and distance she flew was also recorded. The latter were coded into 2 types of trips: "on territory" for foraging that occurred within the confines of the female's mate's territory (determined at other times by mapping singing perches and aggressive encounters with neighbors at territorial borders) and "off area" for flights off the territory and usually, off the study site. Sometimes, a female landed briefly on her mate's territory but then flew off the marsh and these were coded as off area trips.
Data analysis
We collected data on 851 female visits (mean per female = 31, SD = 15) to the nest in 110 observation sessions distributed among 27 females on 19 male territories. Two variables could be extracted from the observations: foraging trip time (mean = 512, SD = 159), the time between when a female left the nest to when she arrived again; and load size, measured in bill volumes (mean = 1.8, SD = 2.3). These were combined to produce "delivery," Y ijk , the per-trip rate of food (bill volumes per second) brought to the nestlings of individual i in foraging trip k during observation j (mean = 0.008, SD = 0.004). We could calculate foraging trip time, Δ ijk (the difference in time between leaving the nest at trip k−1 to the time of arrival at trip k, for the ith individual during the jth observation), for 738 trips and estimated a load size for 657 trips. For 574 trips over all 27 females we had both trip time ( Figure 1A ) and load size ( Figure 1B ) and so could calculate delivery ( Figure 1C ). The location of each foraging trip (z ijk ) was known and recorded for 726 trips. In total, there were 531 trips over all 27 females where all covariates were recorded. As described above, the brood size (x 1ij ) and nestling age (x 2ij ) are recorded for each observation per individual. Delivery and trip time were log transformed and all variables were standardized before analysis to allow direct comparison of parameters.
A common approach to modeling such data is to consider a LMM (e.g., Pinheiro and Bates 2000; Littell et al. 2006; Nussey et al. 2007; Westneat et al. 2011) , with the following structure: A LMM describes the mean behavior, but generally assumes that the residuals have a common variance (Littell et al. 2006; Cleasby and Nakagawa 2011) . We were explicitly interested in the possibility that residual variance was heterogeneous. There are a variety of methods to account for heterogeneous residuals (Pinheiro and Bates 2000; Cleasby and Nakagawa 2011 ), but we chose to adapt an approach sometimes called double hierarchical generalized linear models (e.g., Smyth 1989; Smyth and Verbyla 1999; Lee and Nelder 2006; Rönnegård et al. 2010) . To include heterogeneity of residuals into our statistical model, we kept the LMM for mean delivery and added another LMM for the SD of delivery using a Bayesian approach. Parameters in the 2 models are estimated iteratively and depend on one another. In particular, we assumed that ε σ 
where exch. denotes an exchangeable random variable, γ 0 is the mean log residual SD, ind σi is the deviation in the log SD for individual i, obs σj [i] is the deviation in the log SD for observation j for individual i, and γ 1 ,…,γ 4 are parameters describing the effect of covariates on the residual SD. Again, we included the additional assumptions that ind A feature of this data set was the presence of missing data. Two variables were sometimes missing: load size and the destination of the foraging trip. The former was ignored because it is part of the dependent variable although we note that this could have created a bias because small load sizes were easier to miss than large ones. However, most missing data on load size occurred when females came into the nest too quickly to see their bills and therefore to assess in any way what they carried, so we believe this bias to be small. The probability of missing information on the destination of the foraging trip was assumed to not depend on the actual location visited. Therefore, the missing data can be classed as missing-at-random (see Little and Rubin 2002 for full details) and we include the missing data using data augmentation (Tanner and Wong 1987) . To assess the influence of including these missing observations, we estimated the models with and without them.
Due to the presence of missing data, we specified a model for the destination of the foraging trip. We used a logistic model, where the probability of an individual moving off area (p ij ) may depend on brood size and nestling age:
where Bern() denotes the Bernoulli distribution. To make inference from the full model above, we used a Bayesian approach (see Gelman et al. 2004 ). We used Markov Chain Monte Carlo (MCMC) in the freely available program JAGS (Plummer 2003 ; code is provided in online Supplementary Material A) to generate samples from the posterior distribution for each of the models we consider. For each model, we used 3 MCMC chains, each run from different starting values. Each chain was run for an adaptive phase of 5000 iterations before taking a posterior sample of 10 000 iterations. We assessed convergence using standard diagnostics (Brooks and Gelman 1998) and combined across the chains to give a total posterior sample of 30 000 iterations. We used these samples to summarize the marginal posterior distributions and make inferential statements about the parameters in the model. The program was run in the R environment (R Development Core). We provide the code in online Supplementary Material A. We qualitatively compared the results from this approach with those obtained through the conventional methods of LMMs for mean effects (online Supplementary Material B) and the F-test and Welch's test of homogeneity of variance (online Supplementary Material C). We used the observed distributions of posterior estimates to generate 95% credible intervals of each parameter.
We specified independent prior distributions for the parameters (see Supplementary Material D). The priors were weakly informative (Gelman et al. 2008 ) and were chosen so that they would have a minimal influence on the posterior distribution (i.e., to let the data influence the posterior values as much as possible). We informally examined prior sensitivity and found there to be little sensitivity in the resulting posterior distributions to the choice of prior distribution.
reSultS effects on mean delivery
The credible (95%) intervals for several parameters did not overlap zero, suggesting that they contribute meaningfully to variation in mean delivery (Figure 2A) . In particular, it appeared that increasing nestling age lead to an increased mean delivery. Likewise, foraging at sites off the marsh increased mean delivery for those visits. Both the random effects terms (individual and observation) explained variation in the mean model, with the estimated random effects parameters (σ yind and σ yobs ) centered away from zero after controlling for other covariates. We found no evidence that delivery was associated with brood size, likely because of limited variation in brood size. The Bayesian model produced quantitatively similar results as conventional LMM (see online Supplementary Material B).
Analyses of residual within-individual variance
In the variance portion of the model, 3 variables had parameters with 95% credible intervals centered away from zero, suggesting that they were associated with heterogeneity in SDs ( Figure 2B ). Trips off the marsh had a lower SD than those within the territory, and observations when nestlings were older had lower SDs in delivery than when nestlings were young. The random effects term for individual females provided evidence that the SD in delivery differed between females, with the posterior distribution of σ σind centered away from zero. However, the random effect for observation did not appear important, with the marginal posterior distribution of σ σobs centered at (or at least very close to) zero.
DIScuSSIon
Female red-winged blackbirds exhibit 3 levels of variation in their provisioning behavior. First, they show substantial among-individual variation in the amount of food they delivered each trip, indicating repeatable differences in this key aspect of parental care. This finding is a novel result for this species and joins a handful of other studies demonstrating repeatability in provisioning behavior (Freeman-Gallant and Rothstein 1999; MacColl and Hatchwell 2003; Schwagmeyer and Mock 2003; Nakagawa et al. 2007; Westneat et al. 2011) . Second, females also exhibited within-individual variation linked to several external variables and so show phenotypic plasticity. Finally, female blackbirds exhibited complex patterns of residual variation. Individual females differed in the level of residual variation, the location of foraging trips affected both mean delivery and residual variation in delivery, and residual variation decreased with nestling age. These results confirm some of the patterns observed by Whittingham and Robertson (1993) and reanalyzed by Moore (2002) , see also Ydenberg (2008) . They also support findings in crabs and fish that residual variance in behavior is heterogeneous (Stamps et al. 2012) . However, our analysis goes a step further because the models we consider here assess the independent effects of all variables on both means and variances; hence the patterns of residual variation we report are independent of the effects on mean delivery, and the model provides evidence of independent contributions to residual variance of female identity, foraging trip location, and nestling age.
Other studies of red-winged blackbirds have identified other variables, such as female age (Crawford 1977) or primary versus secondary status (Yasukawa et al. 1990) , that influence parental care. These would be between-individual factors in our study because data were taken at only 1 nest for most subjects. Because we had either limited information on these variables or insufficient sample size, we did not include them in this analysis. However, such variables would not contribute to the within-individual variances we report here and so are accounted for in the random effect of individual in the mean portion of our model. It would be quite interesting to know if residual variance changes with respect to these and other factors that vary at the level of individuals or across seasons. The analyses we present provide proof of concept in the use of hierarchical models to investigate in more detail patterns of residual variance.
Heterogeneous residual variance in delivery seems likely to be influenced by heterogeneity in stochasticity given that stochastic elements of encountering suitable prey should have a strong effect on delivery. If so, then our results support 2 preconditions of the variance sensitivity hypothesis. First, residual variation in delivery appears to depend on foraging location. We found that, independent of mean effects and other influences on residual variation, delivery varied more when females foraged on their mate's territory than when they went off the marsh. This means females could potentially alter the realized residual variance by choosing where to forage. Moore (2002) , as reported in Ydenberg (2008) , reanalyzed data from Whittingham and Robertson (1993) and found support for this hypothesis; females of deprived broods foraged more frequently near the nest, whereas females of satiated broods foraged more often off the marsh. Analysis of mean delivery versus the variance in delivery suggested that females with deprived broods were seeking more variable options (Ydenberg 2008, Figure 8.3.1 ).
An alternative hypothesis that applies to both our data and those of Whittingham and Robertson (1993) is that trips near the nest may be interrupted more by social interactions with other females or males and so thus exhibit more variability. Changes in brood need might alter the value of social interactions, thereby producing the observed pattern of behavior. For example, by foraging near the nest, perhaps the female attracts male attention to the nest, thus possibly increasing the chances the male will contribute. Our results indicate that independent of foraging location, females with older and presumably more demanding nestlings exhibit less variance in delivery, suggesting some additional shift from other activities that might contribute to variance in delivery as a result of a more singular focus by the parent on foraging. Field experiments that manipulate variability in food rewards (e.g., Ratikainen et al. 2010 ) may be necessary to distinguish effects on residual variance that are byproducts of other deterministic processes from true sensitivity to stochasticity.
The second main precondition necessary for variance sensitivity to evolve is that individuals vary in stochastic variance. Our results support this precondition. If differences between individuals in residual variance reflect heritable differences in propensity for stochastic variance, then selection acting on provisioning behavior could lead to the evolution of the stochastic portion of residual variance. This is a provocative idea because until now only Ydenberg (1994 Ydenberg ( , 2008 has explicitly explored the idea that variance in provisioning behavior itself might be under selection. However, another area of theory that involves the evolution of reduced residual phenotypic variance is canalization (Waddington 1942) , in which an organism's phenotype is buffered from environmental variation so that unhelpful phenotypic variance is adaptively reduced. The shortfall-avoidance hypothesis (Stephens 1981) , therefore, proposes that the selection for canalization of foraging behavior may depend on specific conditions as a result of nonlinear utility functions. A deeper understanding of how ecology influences selection on variance per se is not likely to be obtained without a means to assess patterns of withinindividual variation in a systematic way. The hierarchical modeling approach we present here provides a method to assess patterns of residual variation.
Variance sensitivity is a form of phenotypic plasticity in which differences in underlying variance (e.g., stochasticity of food resources) or consequences of variance (e.g., offspring demand) are assessed in some way and the organism alters its behavior, thereby changing its residual phenotypic variance. The evolution of phenotypic plasticity requires individual variation in responsiveness to the environmental gradient (e.g., Scheiner 1993; Nussey et al. 2007) . In this case, the evolution of variance sensitivity would require betweenindividual differences in the within-individual adjustment of residual variation to some environmental gradient (e.g., offspring demand). Such an extension could be included here through adding, for example, an interaction term between individual female and offspring need as a random effect, analogous to the random slope term in LMM analyses of plasticity (e.g., Nussey et al. 2007 ) but in the variance portion of the model. We did not attempt this because sample sizes were too small to estimate random slope terms for variances. For example, we could have attempted this for nestling age, but for most females we only collected data for 4 nestling ages, we included observation as a random effect and nestling age is linked to observation, and the number of measurements of delivery within each female-nestling age combination was 1-18, with most falling in the 2-6 range. More data points for each nestling age, or observations on more nestling ages, would be necessary to obtain better estimates of variance and therefore of any tests of differences between individuals in how variance changed across nestling ages.
In summary, we have uncovered additional patterns of variance in the provisioning behavior of red-winged blackbirds by adapting a statistical approach thus far unused by research in behavior. Analysis of the patterns of residual variation could provide novel insights to the study of many labile traits. Application of hierarchical mixed models on both means and variances could facilitate new approaches to understanding the evolutionary forces acting on apparently stochastic variance in any trait and increase our ability to study phenomena such as phenotypic plasticity and canalization in natural populations.
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